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Abstract 
We propose and demonstrate a novel method for simultaneous chromatic dispersion (CD) and polarization-mode-
dispersion (PMD) monitoring using RF spectrum analysis. In this method, the clock frequency of single sideband of 
the optical signal is removed by using a narrow bandwidth fiber Bragg grating (FBG) notch filter. After photon 
detection of the filtered optical signal, the clock tone power of the radio frequency (RF) signal is changed with 
differential group delay (DGD), which is insensitive to the CD variation. Once DGD value is known, CD value can 
be estimated from the low-frequency RF tone power after the DGD induced RF power variation is removed. This 
method enables simultaneous CD and PMD monitoring using detected RF spectrum in the tap line without affecting 
the received data stream and can be implemented without major modification of the transmitter. 
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1. Introduction 
    PMD arises in an optical fiber due to random anisotropy in a long single mode fiber (SMF) caused by the 
noncircular cores and variations in the stresses, bending and cabling [1]. The small amount of induced birefringence 
also randomly varies along the length of the fiber due to change in temperature and other physical conditions. This 
birefringence causes the power of optical pulses to split between the two orthogonal polarization modes of the fiber. 
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These modes travel at different speeds as they see slightly different refractive indices, creating a DGD between the 
two modes causing pulse spreading and inter symbol interference (ISI). PMD is typically represented as a vector on 
the Poincaré sphere whose magnitude is the DGD and whose direction represents the polarization state of one of the 
two orthogonal polarization modes of the fiber which are called the principal states of polarization (PSP) [2,3].  
    The impairments of PMD may be seen in relation with other factors like CD and amplified spontaneous emission 
(ASE) noise from amplifiers. The latest trend of optical communication towards polarization division multiplexed 
(PDM) quadrature phase shift keying (QPSK) system with coherent receiver shows the prospect of higher data rates 
at longer distances. With the growth of bandwidth demand and development of communication related technologies, 
PDM-QPSK system supported by the digital signal processing has emerged with successful demonstrations. As the 
equalization is carried out at the receiver in this system, the need of monitoring the CD and PMD has emerged with 
greater importance [4]. A key difficulty with managing PMD related effects in long fiber transmission systems is 
that they are stochastic processes [5]. Thus a system can randomly wander in and out of high-penalty states and 
needs step to reduce the probability that the penalty will exceed a certain level to a negligible value (typically 
minute per year) [6-8]. This non-catastrophic effect of PMD and CD lead to the need for dynamic and constant 
monitoring of the system.  
    A number of monitoring techniques for the CD and PMD have been reported. The optical domain techniques 
include the degree of polarization (DOP) of polarized lights, measuring the phase difference between two frequency 
components located on orthogonal PSPs and calculating the arrival time of polarization-scrambled light [9-13]. The 
electrical domain techniques include analysing the spectral frequency components, calculating the eye-opening 
penalty and adding a subcarrier tone to the data [14-16]. However, each of these techniques suffers from one or 
more of the following disadvantages [9]: 1) monitoring window not covering the whole window, 2) the necessity for 
transmitter modification, 3) low monitoring sensitivity, 4) pulse width dependence and inability to monitor the CD 
and PMD simultaneously. It has been shown that NRZ signals suffer greater degradation due to PMD than RZ 
signals and phase modulation proved more tolerant to PMD[16,17].Since phase modulation has proved to be more 
resilient in long range high speed optical data transmission, differential quadrature phase shift keying (QPSK) data 
format is considered in this paper. 
     Therefore, this report focuses on the monitoring method of PMD and CD simultaneously for NRZ-QPSK signals. 
The aim of this paper is to propose as well as demonstrate a novel method for simultaneous CD and PMD 
monitoring using RF spectrum analysis. Advantage of our proposed technique is that it does not require any major 
modification at the transmitter. The paper is organized as follows. Operational principles are discussed in the 
following section. In Section 3, we briefly discussed about the simulation setup and the results obtained from 
simulation. Experiment results are discussed in Section 4. Finally, we conclude our findings and discussion in the 
final section. 
2. Operation Principle 
    When one sideband of the optical spectrum is removed and passed through the square law detector, the RF tone 
power at frequency equal to half of the data rate is insensitive to CD and affected by the PMD alone. The RF tone 
power at frequency equal to quarter of the data rate is affected by both CD and PMD. For 50 Gb/s QPSK system, the 
data rate of each channel is 25 Gb/s. If lower sideband (LSB) of the optical spectrum is removed by appropriate 
notch filter and then detected using square law, the RF tone power at 12.5 GHz will be affected by PMD only and 
RF tone power at 6.25 GHz will be affected by both CD and PMD. These localized effects can be compared to 
separate and measure their individual effects. Again, the RF tone power at 12.5 GHz with and without optical 
filtering can be used to compare and separate the effect of CD and PMD. In this paper the process of comparing the 
RF tone power at 12.5 GHz and 6.25 GHz will be discussed.  
      At first, the PMD is measured using the knowledge of the RF power at frequency equal to half of the data rate 
(12.5 GHz). After that, CD is measured from the knowledge of the RF power at frequency equal to quarter of the 
data rate (6.25 GHz) which shows the effects of both CD and PMD. Therefore, CD and PMD can be monitored 
simultaneously using the knowledge of the RF tone power. Here, the monitoring signal is processed from a tap line 
and thereby the main data flow is not interrupted.  
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    During laboratory experiment, a FBG notch filter of bandwidth 0.3 nm is used centered at 0.2 nm away from the 
center frequency to remove the lower sideband (LSB) of the optical spectrum. The detected RF power of double 
sideband (DSB) data can be expressed as [2,3]: 
 
         


     (1) 
 
where P0is RF power without CD and PMD effects, γ is the power splitting ratio between the two PSPs, fRF is the RF 
frequency, Δτ is the DGD of the link, fc is the carrier frequency, c is the speed of light and D is the collective 
dispersion parameter of fiber link and optical components. Here γ and Δτ are the PMD induced parameters. From 
Eq. (1), it can be observed that both CD and PMD change the RF tone power in DSB signal. It is difficult to 
distinguish CD and PMD through RF power fading. To separate the effect of CD and PMD, we exploited the 
behavior of the optical and electrical frequency spectrum. If we remove one sideband of the optical spectrum and 
pass the rest of the spectrum through the square law detector, then the electrical spectrum of the detected signal 
remains insensitive to CD at half the data rate but sensitive to CD and PMD at one quarter of the data rate. To obtain 
the RF powers at 0.25fRF and 0.5fRF, Eq. (1) is modified as: 
 
         


     (2) 
where n = 0.25 and 0.5 to denote the quarter and half tone RF power value. 
    Optical signal propagating through an optical fiber with birefringence will split into two orthogonal PSPs and 
each component travel at a slightly different speed and reaches the receiving end at a time gap giving rise to DGD. 
This DGD is the primary cause of PMD impairments. When the two orthogonal components are out of phase, the 
power of corresponding RF tone is affected due to destructive interference. There is no clock component in the 
optical NRZ spectrum since the Fourier transform of a rectangular pulse with unit pulse width is a sinc function. Its 
power is equal to zero at any frequency component that is multiple of the bit rate. But, the nonzero rise and fall 
times generate residual optical components at these frequencies [5]. The nonlinear transfer function of electro-optic 
modulators also gives rise to frequency components at or near the optical clock frequency. These spectral 
components are not present after detection because the beat terms between the optical sidebands and carrier are out 
of phase and thus cancel out each other during square detection, as shown in Figure 1(a).When one of the optical 
sidebands is removed by filtering, the carrier and the remaining sideband terms beat and regenerate the RF tone 
harmonics as shown in Figure 1(b). 
Figure 1.Detected electrical spectrum with optical (a) USB and LSB, and (b) USB only 
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    When the LSB is removed from optical spectrum, the carrier and the USB with fast and slow mode components 
remain to be passed through the detector. With DGD = 0 ps, the fast and slow mode components are in-phase and 
the power of the regenerated RF tone power is high. But with DGD = 0.5Tb, the fast and slow mode components are 
out of phase and the power of the regenerated RF tone is minimum. Since DGD induced first order PMD effects are 
the main source of PMD related impairments, we consider here only DGD variation by first order PMD emulator as 
shown in Figure 3. The DGD is varied with the range of 0≤ DGD ≤ Tb.DGD simulator is used to introduce required 
DGD. The power splitting factor  is taken as 0.5 to simulate the worst power fading condition. 
    A dispersion compensated fiber (DCF) is used in the simulations and the amount of dispersion is varied to 
investigate in result of varied CD. The degree of filter and their bandwidth depends on the type of filter used and the 
data rate. We used optical raised cosine notch filter to remove the LSB terms. The notch filters are chosen for this 
simulation because they can remove one of the sideband terms effectively while leaving the rest of the spectrum 
intact. The notch filter is centred at one time the symbol rate below the carrier frequency with bandwidth equal to 
two times the symbol rate. For DGD = 0 ps, the fast and slow modes of USB are in-phase and regenerate the RF 
clock tone with higher power after constructive interference. But with DGD = 0.5Tb, the fast and slow modes are out 
of phase and regenerate the RF tone with lower power after destructive interference as shown in Figure 2.  
    By removing one sideband, the effects of CD is removed and DGD measurement can be performed through the 
use of appropriate algorithm. Since LSB is filtered out, the detected RF tone power at frequency equal to half of the 
data rate is insensitive to CD and varies as a function of PMD alone. The RF power of single sideband (SSB) is 
given by [3]: 
                    (3) 
where H is the electrical field transfer function of the optical filter. The factor 0.5 is due to the removal of one 
sideband. The RF power of SSB signal changes periodically and the period is related to the data rate. 
Figure 2. Effect of removing optical LSB of NRZ-DPSK data for DGD = 0 ps and 0.5 Tb 
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Figure 3. System setup for simultaneous monitoring CD and PMD 
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3. Simulation Setup and Results  
    We generated 50 Gb/s data using PRBS generators for two data channels of the QPSK modulator. The data was 
modulated onto a 193.1 THz continuous wave (CW) light. For the simulation of the system, we used OptSim 
simulator. The laser power was set at -10 dBm to keep the nonlinear effects to minimum. We used a polarization 
beam splitter (PBS) before launching the signal to the fiber for implementing the power splitting ratio among the 
orthogonal components. We set the power splitting ratio at 0.5 to simulate the worst fading condition. We placed the 
DGD simulator in the link as shown in Figure 3. We implemented the DCF by post compensation method. The link 
length was set to 85 km and required amount of CD was introduced by changing the dispersion coefficient. The loss 
of the fiber was neglected for this simulation. Prior to the receiver, a tap-line was used as the monitoring path so our 
monitoring method does not adversely affect the received data. The optical spectrum in the tap line was filtered by a 
Raised Cosine notch filter of order 1with roll-off factor of 0.5. The center frequency of filter was set 25 GHz below 
the carrier frequency and the bandwidth of the filter was set at 50 GHz. The receiver was composed of tunable 
Mach-Zehnder interferometer having two optical output ports. In the interferometer, optical paths differ by a delay T 
that must be set equal to the bit time duration. Each optical output was detected by an ideal PIN photo-detector, and 
the output electrical signal was the difference between the detected currents.The outputs were attached to an 
electrical spectrum monitor. The detected electrical signal was further processed by MATLAB in the offline mode. 
For separating the tone powers, narrow bandpass filters of bandwidth equivalent to 200 MHz are used during data 
processing.  
Figure 4(a) shows the effect of the application of optical notch filter on RF power levels at 12.5 and 6.25 GHz. The 
dotted lines represent the RF tone power at 6.25 GHz for different CD values in increasing DGD where the tone 
power was affected by both CD and PMD. The CD values considered here are 85, 170, 255 and 340 ps-nm. The 
graphs show the RF power levels for CD values of 85, 170, 255 and 340 ps-nm. The DGD was varied from 0 to 40 
ps at a step of 4 ps. Average dynamic range of the RF tone power at 6.25 GHz was1.596 dB. The continuous lines 
represent the filtered RF tone power at 12.5 GHz.  
    As seen in the Figure 4(a), the RF tone power was insensitive to CD at 12.5 GHz and the average dynamic range 
of the power levels was 0.38 dB. The ratio of the dynamic range of the RF tone powers at 6.25 GHz to that at 12.5 
GHz was 4.199. Once the DGD value was measured from the knowledge of the RF tone power at 12.5 GHz using 
the appropriate algorithm, the CD value can be measured comparing both the power levels. Figure 4(b) shows the 
RF tone power levels at 12.5 and 6.25 GHz without the notch filter. The average dynamic range of the power levels 
at 12.5 and 6.25 GHz increased due to the absence of the filtering effect. In this case, the power levels are affected 
by both CD and PMD. The average dynamic range of the RF tone power level at 12.5 GHz is 2.488 dB and that at 
6.25 GHz is 1.505 dB. As seen in the graph, the power level of the tap line is reduced due to filtering.  
Figure. 4.  RF tone power (a) with notch filter and (b) without filter at 12.5 and 6.25 GHz for increasing DGD 
 
a 
b 
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    Figure 5 shows the effect of filtering on RF tone power at 12.5 and 6.25 GHz. Figure 5(a) shows the RF tone 
power at 12.5 GHz with and without filtering. In fact this figure represents a graphical comparison of the power 
levels at 12.5 GHz. Dotted lines represent the tone power where the optical LSB is removed using filter and 
continuous lines represent the unfiltered RF tones at 12.5 GHz. With filtering, the RF tone power is affected by only 
PMD and remains insensitive to CD. But the tone power is affected by both CD and PMD when the sideband is not 
removed by applying the notch filter.The average dynamic range of the RF tone power at 12.5 GHz without filter is 
3.5945 dB. The average dynamic range of the power with filter is 0.38 dB. The average ratio of the dynamic range 
of the RF tone at 12.5 GHz without filtering to that with filtering is 9.4552. 
    Figure 5(b) shows the RF tone power at 6.25 GHz with and without filtering. It is easily evident from the diagram 
that the RF tone power is not affected by CD and PMD with and without filtering. Without filtering, the average 
dynamic range is 1.469 dB and that with filtering is 1.596 dBm. It indicates the potentiality of the RF tone at quarter 
of the data rate frequency to facilitate simultaneous CD and PMD measurement. Figure 6 shows the viability of the 
method with increasing CD. Since DCF is used in the system, the expected CD of the link is low. However the 
method allows a good range of CD to be monitored. Figure 6(a) shows the tone power at 12.5 GHz with dotted lines 
representing the filtered output and solid lines representing the tone power without filtering. Figure 6(a) shows the 
CD range up to 340 ps-nm and Figure 6(b) shows the CD up to 680 ps-nm for different DGD values. Both figures 
show that filtered signal remains insensitive to CD. 
a b 
Figure 5.  RF tone power (a) with notch filter and (b) without filter at 12.5 and 6.25 GHz for increasing DGD 
 
a b 
Figure 6.  RF tone power (a) with notch filter and (b) without filter at 12.5 and 6.25 GHz for increasing DGD 
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4. Experiment Results 
Figure 7 shows the results of laboratory experiment for simultaneous monitoring of CD and PMD with the system 
setup shown in Figure 3. The PSP’s are adjusted to achieve the power splitting ratio of 0.5. The experiment is 
carried out for 50 Gb/s data rate in a QPSK modulation system. The parameters of the experiment are similar to that 
of the simulation. But laser power, the four-wave mixing, Raman amplification, analyzer performance, higher order 
PMD effects and other higher order parameters could not be controlled during the laboratory experiment which 
could be easily controlled in computer simulation. Figure 7(a) shows similar results like that of Figure 5(a). But due 
to the limitations of exact implementation of the numerical parameters, the experimental results are not the true copy 
of the simulation results. At lower range of DGD, the RF power levels show larger variance. The limitation of 
selecting the exact parameter values could affect the experimental results. But the RF power levels for DGD > 15 ps, 
the experimental results almost conform to the simulation results and the monitoring of PMD at this level of DGD is 
more crucial. The dynamic range of RF tone power with notch filter at 12.5 GHz away from the laser frequency is 
much less than that of unfiltered output. Figure 7(b) shows the RF power levels for different DGD and increasing 
CD with notch filter centered at 12.5 GHz below the laser frequency. The dotted lines of Figure 6(a) also show the 
filtered RF power levels for different DGD and increasing CD with notch filter. These two results are in good 
agreement between the simulation and experimental results. Figure 7(b) shows that the RF tone power spectrum 
with notch filter of bandwidth 30 GHz centered at 12.5 GHz below the laser frequency is insensitive to the change 
of CD. Once the DGD value is estimated using the power levels with notch filter centered at 12.5 GHz, then the 
value of CD can be estimated for power levels with filters centered at 6.25 GHz away from the laser frequency. The 
simulation and experiment results confirm that the simultaneous monitoring of CD and PMD method in high speed 
phase modulated links can be easily implemented.  
5. Conclusion  
    The proposed simulation and experiment results show that RF tone power can be used for the simultaneous 
monitoring of CD and PMD. But one sideband of the optical signal must be removed applying the appropriate notch 
filter. Since the method does not need any complicated or major system modification, it can be implemented for 
monitoring any system easily. The method does not need the information about the degree of polarization of the 
incoming signal and it is not dependent on the length of bit period. Thus this method can be a better choice for 
monitoring the CD and PMD of high speed optical fiber systems more than 50 Gb/s. The performance of the method 
is dependent on the selection of correct filter and optimising their parameters which needs more research. Thus it 
can be concluded that our proposed method has the ability to monitor CD and PMD simultaneously with higher 
accuracy.  
Figure 7.  RF tone power (a) without/with notch filter at 12.5 GHz for increasing DGD and (b) with notch filter at 12.5 
GHz for different DGD with increasing CD 
b a 
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